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Abstract

:

This study aimed to evaluate the healing of furcation when repaired with Chitosan (CS) scaffold impregnated or not with Simvastatin (SIM) compared with CollaCote (CL) in goat premolar teeth. Root canal treatment was performed in 52 mandibular premolars followed by furcal perforation induction. The perforation was repaired with CL, CS, or CS with SIM after leaving it untreated for 4 weeks. White mineral trioxide aggregate was carried into the furcal site followed by a 2–3 mm resin-modified glass ionomer. The perforation was left untreated, and the access cavity was left open without coronal filling in the control group. The animals were sacrificed after one and three months. Block sections of the premolars were prepared and examined histologically to evaluate the inflammation and type of healing. Hard tissue formation was found in CL, CS, and CS/SIM groups in both periods. At one month, no significant differences were detected among the experimental groups, whereas at three months, CS without SIM showed significantly better performance compared to CL and CS/SIM groups (p = 0.040). Therefore, repairing furcal perforation with CS scaffolds shows desirable biological responses and healing characteristics in favor of bone regeneration at three months.
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1. Introduction


Furcal perforations are serious complications of iatrogenic errors throughout endodontic access opening or pathological processes that can adversely affect tooth prognosis. The perforation size, location, and time before repair are all noteworthy factors determining the prognosis of perforated teeth [1]. When perforation is not managed promptly, periodontal destruction will occur around the perforation site, resulting in the surrounding bone resorption [2]. Different materials have been used to seal such perforations, with mineral trioxide aggregate (MTA) showing superiority in terms of sealing ability and biocompatibility; therefore, it has become the gold standard [3,4]—yet MTA has a delayed setting time and poor handling characteristics [5]. Moreover, MTA is difficult to control and can extrude into the periodontium, especially in large furcal perforations which act as a “bottomless pit” [6] causing mechanical and chemical irritation, triggering tissue inflammation, interfering with the periodontal reattachment, and impairing treatment prognosis [7,8]. Accordingly, internal matrices have been introduced to restrict MTA overextension [9], and this approach presented favorable outcomes of perforation repair when compared to matrix-free treatment [10].



Chitosan (CS), a natural biocompatible and biodegradable material has generated great interest in medicine and has been used in tissue engineering (TE) and wound healing due to its hemostatic, anti-inflammatory, and antimicrobial properties. In addition, it can enhance cell adhesion, proliferation, and differentiation [11]. CS’s advantageous physical properties such as the adequate pore size, its ability to be modified, and its ability to be combined with other polymers allowed the development of a wide range of scaffolds that have been used in bone, neural and vascular tissues, cartilage, and skin regeneration [12]. A porous CS scaffold was fabricated and was able to promote the regenerative potential of dental pulp cells and osteoblastic differentiation [13]. Furthermore, a recent study presented CS to be a viable therapeutic option to hinder root resorption while enhancing healing outcomes in cases of severe inflammatory root resorption [14]. Simvastatin (SIM), a widely used statin and a well-established cholesterol-lowering drug [15], has increased the expression of bone morphogenic protein 2 (BMP-2) in osteoblasts and encouraged bone formation [16]. Its ease of purchase and affordable price make its selection more convenient than laboratory bone-driven costly stimulators. In addition, obesity and metabolic syndrome are characterized by lipid metabolism disorders holding the risk of increasing developing periodontal disease [17,18], which is known as the most common chronic infection in the world [19]. In periodontics, SIM has been reported to stimulate the proliferation and osteoblastic differentiation of human periodontal ligament cells (PDL) [20] and to offer aid to mechanical periodontal therapy (MPT) in improving periodontal parameters compared with MPT alone or in association with placebo [21].



To our knowledge, no study has investigated the effect of CS scaffold, alone or with SIM impregnation, in repairing furcal perforations in vivo. This study aimed to histologically evaluate the inflammatory reactions and tissue responses to the experimental CS scaffold, with and without SIM, when used to repair furcal perforation and compare it to the absorbable collagen wound dressing most commonly used in endodontic wound healing, CollaCote (CL). CollaCote is a soft, white, pliable, nonfriable sponge used in dental surgery due to its coherent structure, bleeding control, and protecting properties of the wound bed while accelerating the healing process [22]. The null hypothesis was that there is no difference between CS scaffold and CL in repairing furcal perforations and bone healing with and without SIM impregnation.




2. Materials and Methods


The study was carried out in agreement with the protocols of King Saud University, Riyadh, Saudi Arabia. All animal procedures were conducted according to the National Institute of Health guide for the care and use of laboratory animals (NIH Publications No. 85–23, revised 1985). The proposal was approved by the Ethical Committee and Institutional Review Board, King Saud University (E-19-3930) and the College of Dentistry Research Center of King Saud University (PR 0090) in Riyadh, Saudi Arabia. The experimental procedure was carried out at the animal house of King Khaled University Hospital of King Saud University.



2.1. Sample Size Estimation


The sample size calculation was performed using G*Power 3.1.9.2 software based on an effect size of 0.91,   α     error of 0.05, and power of 80%. A minimum sample size of 10 goats was sufficient to detect significant differences between the groups. When 25% dropout was included, the required sample size was 13 goats.




2.2. Sample Selection, Animal Preparation, Randomization, and Grouping


A total of 52 mandibular premolars from 13 healthy adult male goats were used. The teeth were randomly distributed in five groups according to the scaffold used in repairing the perforation: CL, CS, CS with SIM, negative control, and untreated positive control. The mandibular first and second premolars of each side were used. The teeth were intact from caries, free from periodontal diseases, and had complete root development. Inflammation and healing responses were examined at two-time points. The animals were housed under the supervision of veterinary specialists in the Faculty of Agriculture’s yard, King Saud University, Riyadh, Saudi Arabia. They had access to food and water throughout the study period.




2.3. Operative Procedure


The CS scaffolds were fabricated according to the protocol in our previous study [23]. Intravenous injection of Xylazine (Seton, Barcelona, Spain) at a dose of 2% mg/kg was introduced in the jugular vein using a 25-gauge needle 1 cc/mL to sedate the animals. Subsequent injections of ketamine (TEKAM®, London, UK) were maintained every half an hour and controlled by a veterinarian [24]. Pre-operative radiographs were taken to confirm pathosis absence. Next, teeth were locally anesthetized with infiltration technique using Xylocaine Dental Adrenaline 20 mg/mL + 12.5 mg/mL Standard, 1.8 mL (Dentsply Ltd., Surrey, UK). Teeth were isolated with a rubber dam and disinfected with cotton soaked in 75% ethanol. Under a 4X microscope (System Contraves & Sec, Carl Zeiss, Thornwood, NY, USA), access was opened using a sterile water-cooled tapered diamond bur (Komet Dental, Lemgo, Germany), and root canal treatment was performed with Protaper Gold rotary files (Dentsply Sirona, Baden, Switzerland). The canals were irrigated with 2.5% sodium hypochlorite (NaOCL) and dried with sterile paper points then obturated with single matching gutta-percha cones (Dentsply Sirona, York, NC, USA) using AH26 silver-free sealer (Dentsply De- Trey GmbH, Konstanz, Germany). A 2 mm diameter perforation (equal to the width of the used round diamond bur to standardize the size among all teeth) was created in the pulp chamber floor, except for the negative control group. The depth of the perforation was between 2 and 4 mm according to the depth of the tooth’s pulpal floor to invade completely through the furcal dentin into the periodontium. Irrigation protocol using 2.5% NaOCL was followed. Afterwards, teeth were left open for four weeks to ensure inflammatory lesion formation in the furcation area. No medication was used to inhibit new variables’ effects. After a month, animals were sedated following the same previous protocol and under aseptic technique and rubber dam isolation, the perforation site was curetted using a small spoon excavator to remove the food remnants, debris, and inflamed tissue, cleaned with 2.5% NaOCL, and dried with paper points and cotton pellets. The teeth were randomly treated as follows:




	
Group 1: Negative control. No perforation was created in the pulp chamber after finishing the root canal filling. The access cavity was left open without coronal filling;



	
Group 2: Positive control. The furcal perforation and access cavity were left open without coronal filling;



	
Group 3: CollaCote (CollaCote®; Zimmer, Warsaw, IN, USA). CL was placed in the furcal perforation then white MTA (ProRoot MTA; Dentsply Tulsa Dental Specialties, Johnson City, TN, USA) mixed with sterile saline (3 parts powder to 1 part liquid) was carried into the furcal site with amalgam carrier and compacted with a size 1 Buchanan hand plugger with light pressure, followed by a 2–3 mm resin-modified glass ionomer (GC Fuji II LC Capsule; GC Corporation, Tokyo, Japan);



	
Group 4: Chitosan. CS scaffold with no SIM was placed in the furcal perforation site then the same procedure was repeated as in group 3;



	
Group 5: Chitosan scaffold impregnated with SIM was placed in the furcal site, then the same procedure was repeated as in group 3. Group distribution is illustrated in Figure 1.








The procedures were all performed by one operator. The goats were continuously monitored for any changes in habits and food intake during the post-treatment evaluation periods. The clinical steps and radiographic images were documented in one animal for illustration purposes (Figure 2).




2.4. Sample Preparation


All animals were coded and clustered into two subgroups according to their time of sacrifice; one and three months. The goats were sacrificed in the slaughterhouse, and the mandibular jaw was sectioned using a diamond disc and hand saw (35 cm) to obtain blocks composed of the treated teeth and the surrounding alveolar bone free from soft tissues.




2.5. Histological Examination


The blocks were coded, fixed in 4% paraformaldehyde solution (SecurBiop®, Teramo, Italy) for two days, and then decalcified for four weeks using 17% EDTA/phosphate-buffered saline solution. The tissues were dehydrated in graded ethanol and embedded in paraffin wax (Leica Biosystems, Richmond, IL, USA). Serial sections were cut at a 5-micrometer thick buccolingual direction with a microtome (Leica, RM2255, Nussloch, Germany), and the defect site was reached and stained with hematoxylin–eosin (H&E) according to the conventional pathological protocols (Baso Diagnostic Inc, Zhuhai, China). The area of interest was examined by light microscope (Leitz, Laborlux S, Binocular microscope, Wetzlar, Germany) and scanned (ScanScope® AT, Vista, CA, USA) for the tissue assessment. The following parameters were examined:




	
The inflammation quantification by counting the ratio of inflammatory cells in 100 cells under the high-power magnification (×400) and scored as follows [25]:




	
Score 0: <10%;



	
Score 1: 10–30%;



	
Score 2: 30–50%;



	
Score 3: >50%.


















	
Bone formation was marked with the presence or absence of osteoid cells;



	
The osteoclastic activity was marked as absent or present;



	
Foreign body reaction was marked with the presence or absence of macrophages or giant cells;



	
Granulation tissue was marked as absent or present.








The histological features were blindly evaluated by one trained pathologist.




2.6. Statistical Analysis


Most outcomes were categorical, they were summarized using frequencies and proportions. Comparison between groups was performed using Fisher’s Exact test. The overall index was summarized using descriptive statistics such as mean, median, standard deviation (SD), and interquartile range (IQR). Index scores were compared between three experimental groups using the Kruskal–Wallis test (the non-parametric equivalent of one-way ANOVA). The STATA software (ver.14) was used for data analysis. Statistical significance was set at 0.05.





3. Results


The follow-up of the goats showed no changes in their habits. All goats ate and drank well throughout the study except for one goat who got sick for 8 days and died; therefore, four specimens in the CS/SIM-1-month group were excluded. The scoring results of the histological findings are summarized in Table 1.



Overall, an index was created between the experimental groups to combine inflammation quantification (score 0–3), inflammatory cells type (0 = absent, 1 = present), bone formation (1 = present), osteoclastic activity (1 = present), ankyloses (1 = present), foreign body reaction (1 = present), and granulation tissue (1 = present). The index theoretically ranged from 0 to 9, with a lower score representing fewer complications. At 1 month, the CL group showed the best results with no statistical significance (p = 0.242) (Table 2).



At 3 months, CS without SIM showed significantly better results compared to other groups (p = 0.040) (Table 3).



When both time periods were compared for each group, the CL subgroups showed more bone formation at 3 months with no statistically significant difference. Meanwhile, the CS/SIM group showed a 100% rate of osteoclastic activity at 1 month and a statistically significant 0% rate at 3 months (p = 0.028). Histological sections for experimental groups showed lymphocytic inflammatory infiltrate at the 1-month period without noteworthy foreign body reaction (Figure 3). Later, the 3-month sections revealed less inflammation and more fibrosis, mineralized tissue, and hard tissue formation with prominent reversal lines (Figure 4).




4. Discussion


In this study, a histological evaluation of tissue inflammation, bone formation, and the type of healing barrier adjacent to the scaffold was performed. Goats are a challenging experimental model, yet having lower premolars with two roots that often furcate as close as 2–4 mm from the cementoenamel junction makes it suitable to conduct in vivo studies to predict similar responses in human teeth. Thus, it was not surprising to notice epithelial proliferation and connective tissue in cases of inflamed furcation. Inflammation is a vital part of the immune system [26]; hence, it was used repeatedly in literature to monitor the healing process [27,28]. Porous scaffolds seeded with bioactive substances have shown their ability to promote bone and dental regeneration where cells were able to migrate, grow, and differentiate [29]. Overall, our results showed similar slight inflammation in the scaffold samples which indicated a positive tissue response to each scaffold as found in preceding studies [30]. Moreover, bone formation was evident in all groups compared to the positive control group, which came in agreement with previous findings [31,32]. No significant differences were detected between experimental groups at 1 month. The probable explanation for the high rate of repair is that the used scaffolds are biocompatible [11,30] in addition to the SIM effect on angiogenesis and bone formation as shown in numerous experimental animal studies [33,34,35,36]. At 3 months, CS scaffold showed significantly better performance compared to CL and CS/SIM groups. In addition, it was noticed clinically that the CS scaffold had better handling characteristics than CL as its structure permitted for a more controlled material packing into the furcation site. Previous studies reported the osteoclast and osteoblast’s ability to regulate bone remodeling within the bone by balancing the amount of resorption and ossification which, therefore, is tightly linked to the number and activity of osteoclasts and osteoblast [37]. Continuous osteoclastic activity in CS/SIM subgroups was present and significantly shown by dense fibroblastic tissue and bone trabeculae with prominent reversal lines at 3 months confirming the active bone formation. These results support previous studies where SIM reinforced bone formation [38,39,40]. Simvastatin showed its ability to trigger the early expression of growth factors, including vascular endothelial growth factor (VEGF) [41] and BMP-2, and to induce and accelerate the formation of bones locally [42]. The range of SIM doses is broad in the literature. Varied values have been investigated—2.2 mg [43,44], 0.5 mg [33,34], 0.1, 0.5, 1.0, and 1.5 mg [44]—and shown positive or negative effects on bone repair. Since this study is a prolongation of our previous paper, we selected our fabricated CS with 0.05 mg SIM scaffold to continue with because it showed more osteoblastic differentiation among other examined concentrations [23]. Hence, different findings may be caused by varied local interactions or because SIM can be cytotoxic at certain doses—above 0.1 µM [45], 1 µM and 5 µM [41,45], and higher than 0.5 µM [46]. Thus, material toxicity may be an important factor for tissue healing. No side effects were observed in the present study. Costs, ethical considerations, and difficulty of handling are limiting factors of studies using animals, which, although similar to other studies [10,28,47,48], limited our study to 3 months. Applications of such promising associations of novel scaffolds seeded with biological substances are distinctly directed on regenerative dentistry and biological-guided endodontic treatment. Further studies can increase the sample size to increase the confidence in the estimate, thus affecting the statistical significance, and increasing the experimental period to observe whether there is a continued bone deposition and determine the accurate SIM dose to be used in vivo.




5. Conclusions


Furcal perforations continue to be both an endodontic and a periodontal problem. The present in vivo study results showed CS scaffolds desirable biological responses and healing characteristics in favor of bone regeneration at three months in repairing furcal perforations.
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Figure 1. Group Distribution. −ve: negative; +ve: positive; CL: CollaCote; CS: Chitosan; SIM: Simvastatin; M: month. 
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Figure 2. Clinical photographs and radiographic images of (A) pre-operative, (B) access opening, (C) obturation, (D) furcation induction, (E) perforation repair. 
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Figure 3. Histological section of furcal perforation at 1 month repaired with (A) CollaCote showing intense lymphocytic inflammatory infiltrate (arrow), (B) Chitosan scaffold showing inflammatory infiltrate with bone formation (arrows), (C) Chitosan with Simvastatin scaffold showing fibroblastic tissue (long arrows) with prominent vascularity (bv) and bone formation (short arrows). H&E stain  ×  40 magnification. 






Figure 3. Histological section of furcal perforation at 1 month repaired with (A) CollaCote showing intense lymphocytic inflammatory infiltrate (arrow), (B) Chitosan scaffold showing inflammatory infiltrate with bone formation (arrows), (C) Chitosan with Simvastatin scaffold showing fibroblastic tissue (long arrows) with prominent vascularity (bv) and bone formation (short arrows). H&E stain  ×  40 magnification.
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Figure 4. Histological section of furcal perforation at 3 months repaired with (A) CollaCote showing less inflammation and more fibrosis (arrow). (B) Chitosan scaffold showing more bone formation and maturation (arrows), (C) Chitosan with Simvastatin scaffold showing dense fibroblastic tissue (*) and bone trabeculae with prominent reversal lines (arrows). H&E stain  ×  40 magnification. 
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Table 1. Histological section outcome of perforation repair with different test scaffolds.
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Time

	
Group

	
No. of Specimen

	
Inflammation Quantification (%)

	
Presence of Bone Formation (%)

	
Presence of Osteoclastic Activity (%)

	
Presence of Foreign Body Reaction (%)

	
Presence of Granulation Tissue (%)




	
<10%

	
10–30%

	
30–50%

	
>50%






	

	
+ve control

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	

	
CL

	
8

	
88

	
0

	
0

	
12

	
0

	
12

	
0

	
12




	
1 Month

	
CS

	
8

	
75

	
25

	
0

	
0

	
50

	
25

	
0

	
0




	

	
CS/SIM

	
4

	
50

	
50

	
0

	
0

	
50

	
100

	
0

	
0




	

	
+ve control

	
2

	
50

	
50

	
0

	
0

	
0

	
0

	
0

	
0




	
3 Months

	
CL

	
8

	
50

	
0

	
0

	
50

	
50

	
0

	
25

	
50




	

	
CS

	
8

	
88

	
0

	
12

	
0

	
12

	
25

	
0

	
12




	

	
CS/SIM

	
8

	
72

	
0

	
14

	
14

	
14

	
0

	
0

	
0








+ve: Positive; CL: CollaCote; CS: Chitosan; SIM: Simvastatin.













[image: Table] 





Table 2. Index summary between the experimental groups at 1 month.
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	Index
	CL

(n = 8)
	CS

(n = 8)
	CS with SIM

(n = 4)
	Kruskal-Wallis Test Results





	Median (IQR)

Range
	0 (0–0.75)

0–5
	1 (0–2.75)

0–3
	2.5 (1–4)

1–4
	p = 0.242







CL: CollaCote; CS: Chitosan; SIM: Simvastatin; SD: Standard Deviation; IQR: interquartile range.
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Table 3. Index summary between the experimental groups at 3 months.
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	Index
	CL

(n = 8)
	CS

(n = 8)
	CS with SIM

(n = 8)
	Kruskal-Wallis Test Results





	Median (IQR)

Range
	3 (1–5.75)

1–6
	0 (0–0)

0–6
	0 (0–3)

0–4
	p = 0.040







CL: CollaCote; CS: Chitosan; SIM: Simvastatin; SD: Standard Deviation; IQR: interquartile range.
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